Abstract. The fractal nature of the DNA arrangement has been postulated to be a common feature of all cell nuclei. We investigated the prognostic importance of the fractal dimension (FD) of chromatin in blasts of patients with acute precursor B lymphoblastic leukemia (B-ALL). In 28 patients, gray scale transformed pseudo-3D images of 100 nuclei (May-Grünwald-Giemsa stained bone marrow smears) were analyzed. FD was determined by the Minkowski-Bouligand method extended to three dimensions. Goodness-of-fit of FD was estimated by the R 2 values in the log-log plots. Whereas FD presented no prognostic relevance, patients with higher R 2 values showed a prolonged survival. White blood cell count (WBC), age and mean fluorescence intensity of CD45 (MFICD45) were all unfavorable prognostic factors in univariate analyses. In a multivariate Cox-regression, R 2 , WBC, and MFICD45, entered the final model, which showed to be stable in a bootstrap resampling study. Blasts with lower R 2 values, equivalent to accentuated "coarseness" of the chromatin pattern, which may reflect profound changes of the DNA methylation, indicated a poor prognosis. In conclusion the goodness-of-fit of the Minkowski-Bouligand dimension of chromatin can be regarded as a new and biologically relevant prognostic factor for patients with B-ALL.
Introduction
Examination of nuclei of routine histologic or cytologic preparations reveals important information on cell physiology and, furthermore, is of great diagnostic and prognostic importance. In order to overcome the diagnostic insecurity caused by subjective interpretation, quantitative analysis is mandatory [27] . This can be done both by simple morphometric procedures or more sophisticated texture analysis methods [5, 12, [15] [16] [17] [22] [23] [24] 38, 39] . Scale-invariant self-similarity, which cannot be described adequately by classic morphometric analysis based on Euclidean geometry, has shown to be an important feature of many biological structures.
It can be estimated by the determination of the fractal dimension, which turned out to be an interesting alternative tool in image analysis [1, 7, [9] [10] [11] 13, 19, 21] . Recently it has been postulated that the fractal nature of the DNA arrangement could be a common feature of all cell nuclei of higher organisms [21] , thus underlining the importance for the fractal analysis of chromatin structures. Investigations on the prognostic relevance of the fractal geometry of nuclei in neoplasms are rare, however [38] . In our study we tried to find out whether the measurement of the fractal dimension of the chromatin structure in nuclei of leukemic blasts would be of prognostic value for patients suffering from acute precursor B lymphoblastic leukemia (B-ALL).
Patients and methods
All patients with newly diagnosed B-ALL treated at our Institution between August 2002 and Septem-ber 2004 entered the investigation. The diagnosis was based on peripheral blood counts, bone marrow cytology, cytogenetics and immunophenotyping by flow cytometry of bone marrow aspirates (whole blood lysis technique). Antigenic expression was detected using triple combinations of monoclonal anibodies. Data acquisition was performed on a FACSCallibur flow cytometer using CellQuest TM and Paint-A-Gate TM softwares (Becton Dickinson). The expression of each antigen was recorded as mean fluorescence intensity (MFI). Random pictures from at least 100 nuclei per patient of routinely May-Grünwald-Giemsa stained bone marrow slides were captured by a Kontron Zeiss KS-300 system (bmp-format; 0.1 µm/pixel spatial resolution; 1.25 numerical aperture, 100× oil immersion objective). Nuclei were interactively segmented. The images were converted to grayscale format with levels of luminance ranging between 0 and 255 (Figs 1a and 2a). We created pseudo-3D images, where the x and y coordinates represent the position of the objects and the z coordinate the respective grey levels (Figs 1b and 2b). The fractal dimension (FD) was determined using the Minkowski-Bouligand method [9] extended to three dimensions. In brief we calculated the fractal area which is estimated by the volume/2ε (being ε the radius,varying between 1 and 30 pixels) of the non-planar structuring element in form of a ball [9] . The linear regression was calculated in a log-log plot (area versus ε) containing 30 points (Figs 1c and 2c ). The goodness of fit was estimated by the R 2 value of the regression between the real and the estimated values. Furthermore, we tested with the KolmogorovSmirnov test, whether the residuals followed a normal distribution, calculating for each patient the percentage of cells with normally distributed residuals (P ). Finally the prognostic relevance of all these parame- ters was analyzed in univariate and multivariate Cox regressions (p = 0.05 for input and p = 0.1 for output, backward conditional step-wise selection), comparing them with established prognostic factors such as age, white blood cell count and MFI of CD45 (MFICD45) [37] . The internal stability of the final Cox model was tested on 100 newly created data sets by bootstrap resampling with replacement [25, 31, 34] . SPSS 8.0 and WinStat softwares were used for calculations.
Results
Twenty eight patients fulfilled the criteria of inclusion. The mean value of the Minkowski-Bouligand FD was 2.265 with a range between 2.238 and 2.285. The R 2 values, as a measure of goodness-of-fit, ranged between 0.945 and 0.986 (mean 0.967). The P values varied considerably: the minimum was 2.0% and the maximum 100%, with a mean value of 72.4%. were all of unfavorable prognostic relevance in univariate Cox regressions. In the multivariate Cox regression, only the variables "R 2 " (p = 0.021), "white blood cell count" (p = 0.047) and "MFI CD45" (p = 0.026) entered the final model, which was confirmed by the bootstrap resampling study: R 2 was included in 72%, white blood cell count in 60%, MFICD45 in 74%, but age only in 28% of the models.
Discussion
Many cell structural and biochemical features change with increasing aggressiveness of a neoplasia. Therefore we can estimate the outcome of the patient by different techniques. Prognostic factors can be determined by molecular biology, flow cytometric investigations, or image analysis of DNA alterations [4, 14, 24, [40] [41] [42] 44] . Furthermore, changes of nuclear, cytoplasmic or mitochondrial protein expression may reflect different biological behaviour of the tumour [20, 42, 43] . In contrast to these sophisticated and expensive techniques, relevant prognostic, as well as diagnostic information can also be obtained by morphometric and texture analyses of whole tissue sections or individual cells [1] [2] [3] 8, 24, 26, [28] [29] [30] [31] [32] [33] [34] [35] [36] . These methods are based on simple, reproducible and unexpensive staining methods, or, as in our case, can be done on routine slides from the files, thus permitting retrospective studies without any additional costs.
An important aspect of texture analysis is the determination of the fractality, since this variable shows important aspects of the complexity of a structure not revealed by classical morphometry based on Euclidean geometry.
In some studies the fractal dimension is measured after binarization of the image [7] . But, since we are dealing with contiuous gray value transitions of the chromatin, the segmentation process would be somewhat arbitrary. Moreover, a categorization reduces the information content [27] . In our case 256 gray values, equivalent to 8 bits/pixel, would be reduced to a black and white image, equivalent to 1 bit/pixel. In order to use the whole information, we decided not to binarize, but rather to apply the Minkowski-Bouligand method [9] extended to the pseudo-3D images, as has been done by other researchers [10] .
The main question, whether a given structure should be considered as fractal, is linked to its scaling characteristics, which follow power laws. Therefore the fractal dimension of a given image relies essentially on the linear regression of the log-log plot [9, 13] . The goodness-of fit of the linear regression is an important, but not the only criterion for fractality [13] . Moreover, we must draw attention to the residuals, which should scatter around the regression line following a normal distribution. If these assumptions do not hold, the value of the calculated FD cannot be supported [13] . In our study many cells did not fulfil these criteria. Therefore we should interpret the calculated FDs with great caution.
There are several methods to determine the fractal dimension, but all of them, including the boxcounting technique and the Minkowski-Bouligand dimension, show limitations for technical reasons [9] , such as the digitalization of the image. The precision of the Minkowski-Bouligand dimension is poor, since the dots never lie straight on the linear regression line, but, form a more or less pronounced concavity, as seen in Fig. 1c . This effect is due to the presence of local maxima and minima in the image [9] and increases with their number. Therefore nuclei with higher FD show worse goodness-of-fit, since a larger number of local maxima and minima increases both the complexity (FD) and the expression of the concavity. Reasonable goodness-of-fit, equivalent to high R 2 values, and normally distributed, randomly scattered residuals, is therefore expected to be present only in nuclei with few local maxima and minima. Therefore the goodness-offit may be interpreted as a measure of roughness of the surface of the pseudo-3D image of the nucleus.
Alterations of the chromatin structure of leukemic blasts occur in parallel with changes of cytoplasmic and membranous protein expression and are therefore regarded to reflect differences of maturation [36] . Since the heterochromatic regions in Giemsa-stained slides are co-localizing with the extended methyl-rich DNA domains [6] , changes in the Giemsa texture could be interpreted as modifications of the methylation pattern. In other words, nuclei with accentuated "coarseness" of the Giemsa pattern, which is an unfavorable prognostic feature according to our study, could reflect profound changes of the DNA methylation. This hypothesis is corroborated by the fact that an increased number of DNA methylation changes is found in B-ALL patients with a bad prognosis [18] .
In summary, we suggest that the goodness-of-fit of the Minkowski-Bouligand dimension of nuclei in May-Grünwald-Giemsa stained cytologic preparations might quantify remodeling of the DNA methylation pattern and can be regarded as a new and biologically relevant prognostic factor for patients with B-ALL.
